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Abstract 
With the emphasis on environmental sustainability, remanufacturing has become a major aspect of life cycle engineering with the 
intention to bring a product or part back to its useful life. In order to retrieve essential elements within a product for 
remanufacturing, disassembly is a necessary process to begin with. Increasing the efficiency for disassembly can be feasible if 
the disassembly perspective is taken into consideration during the product design stage. Design for disassembly (DFD) 
guidelines have been established to provide suggestions to product designers on the various design considerations that could be 
incorporated to aid disassembly. However, these guidelines may be difficult to implement due to the conflicting issues found 
within a product itself. A conceptual framework based on practical considerations is proposed to aid the product designer in 
prioritising the relevant DFD guidelines that could be used to increase the efficiency of retrieving a high value core of a product 
for remanufacturing. 
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1. Introduction 
Once products reach their end-of-life (EOL) cycle, while 
some are incinerated, many are being dumped, leading to 
landfills formation. Massive landfills have been created in 
some developing countries, providing homes to many 
scavengers. This has drastically changed the landscape, 
polluting the environment and causing ill health. Children 
living off these toxic trashes have died from diseases, such as 
tuberculosis, hepatitis, dengue and typhoid. It is indeed an 
imperative issue to address.  
Remanufacturing is an alternative to bring a product back 
to its useful life, thus being spared from landfill. The primary 
benefits of remanufacturing arise from the reuse of resources. 
In contrast to recycling, remanufacturing retains the geometric 
shape of the parts hence eliminates or minimizes the need for 
the material forming processes, resulting in a reduction of 
carbon footprint [1] .  
To retrieve essential elements within a product, 
disassembly is a necessary process. Almost all disassembly 
for remanufacturing is manually performed which requires 
certain forms of labor effort [2]. This could be due to a 
number of reasons. For example, high capital cost is required 
for automation. Flexibility is lost as automated disassembly 
lines may not be able to cater to the different kinds of product 
infrastructures [3]. However, disassembling a product 
manually may not be cost effective due to the inefficient 
disassembly design for many products, which increases the 
time to disassemble resulting in higher labor cost [3]. 
Research efforts have been made to improve disassembly 
processes. Most of the research work for design for 
disassembly (DFD) discusses and proposes aspects, such as 
disassembly sequence generation, different metrics for 
evaluation and practical considerations independently. Few 
have mentioned how these different aspects can be synergized 
to provide a more holistic approach to solve DFD issues from 
the remanufacturing perspective.  
This paper presents a systematic methodology of applying 
design for disassembly from the remanufacturing perspective. 
Practical considerations, such as part accessibility and 
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disassembly complexity, will be taken into account to 
determine the optimal disassembly sequence. Thereafter, 
relevant DFD guidelines and suggestions can be applied based 
on the optimal disassembly path chosen.  
2. Literature Survey 
Disassembly is required for recycling, maintenance, 
remanufacturing, etc. Pertaining to remanufacturing, 
prioritization and protection of cores over non-
remanufacturable parts are some aspects to be considered 
during the disassembly process. This cannot be realized if 
design and manufacturing are considered as separate 
functions. Products that are designed for disassembly and 
remanufacturing can deliver much greater savings than can be 
achieved through remanufacturing of a product that is not 
designed with this intention [4].  
Typically, 15% by weight of a product is removed for 
reclamation, i.e., recycling, remanufacturing, etc., while the 
remaining 85% is usually landfilled [5]. Thus, disassembly for 
remanufacturing does not require dismantling the entire 
product. Only essential elements, such as high value cores, 
need to be retrieved, thus saving time and eliminate 
unnecessary procedures. Some existing studies on EOL option 
decision models assume that all components are completely 
disassembled; however, unnecessary disassembly cost may be 
incurred in such cases [6].  
Most studies have adopted disassembly time as a measure 
to evaluate product disassemblability [7]. The disassembly 
time is ranked as the most important criterion for selecting the 
best disassembly sequence since a sequence based on this 
measure requires the minimum disassembly time and hence 
lower disassembly cost can be realized [8]. Ratings based on 
time present a realistic view of the difficulty in disassembly a 
proposed design and can be used to aid management in 
deciding make-or-buy decisions [9]. 
In most products, a selected part can be disassembled from 
two or more different directions [10]. Each route can have 
different disassembly outcome. An optimal disassembly 
sequence is required to determine the shortest possible route 
to reach the core. As far as remanufacturing is concerned, 
prioritizing the retrieval of high value cores over other non-
remanufacturable parts within a product is essential to ensure 
a cost effective disassembly process.  
Many methodologies propose an optimal disassembly 
sequence in the form of mathematical models [11]. Examples 
of these include optimization algorithms, algorithms based on 
economic analysis; CAD-based algorithms, etc. [12]. These 
models do not consider crucial factors, i.e., fastener/part 
accessibility issues to enhance quick and easy disassembly. 
Thus, special provisions, e.g., ergonomic consideration of the 
disassembly process, would need to be incorporated into the 
algorithm in order to account for these factors [13]. 
3. Application of DFD from Remanufacturing Perspective 
DFD guidelines have been established to serve as a basis 
for designers to incorporate an easy-to-disassemble mindset 
for product design. These rules enable the designers to have a 
good reference, although they may not be applied extensively 
during the design stage. Few designers would find these 
guidelines unreasonable and many have commented that they 
would apply such rules if only the product specification 
allows them enough freedom. The difficulty of using such 
guidelines is in prioritizing conflicting issues that could be 
found within a product itself [14]. For example, minimizing 
the use of fasteners may compromise the stability of a part 
under vibrational loading. In addition, unlike design for 
assembly, which ideally requires the guidelines to be applied 
to all parts to be assembled as far as possible, design for 
disassembly from the remanufacturing perspective will only 
require the guidelines to be applied to the desired disassembly 
route. Conflicting issues faced by a product designer can then 
be minimized or eradicated.    
Disassembly, from the remanufacturing perspective, can 
have more than one possible disassembly route in most 
situations. This is because parts or subassemblies that are not 
remanufacturable can be dismantled as a whole or can be 
subjected to destructive disassembly if required. The possible 
conflicting issues faced by a product designer can be reduced 
significantly once an optimal disassembly sequence based on 
practical consideration has been determined. DFD guidelines 
will only need to be applied to the selected disassembly route 
for further optimization since there is no value added by 
considering design for disassembly for all feasible 
disassembly routes. 
4. Methodology 
In this section, a four-step framework for disassembly for 
remanufacturing is presented. The first step begins with the 
sequence generation for all feasible disassembly routes for the 
product. The second step identifies the part(s) to be retrieved 
for remanufacturing and its feasible disassembly routes. Next, 
metrics, based on practical considerations i.e., the complexity 
of the disassembly process and accessibility of the part, are 
evaluated for each of the routes identified. Finally, metrics 
combination, by means of z-score computation, is used to 
allow the product designer to have a succinct identification of 
the optimal disassembly path. Thereafter, DFD guidelines and 
suggestions can be applied to further improve the disassembly 
path selected for the product. 
 
4.1 Disassembly sequence generation 
 
The objective of generating a disassembly path is to 
determine an optimal disassembly path based on the least 
effort, which is a primary objective for disassembly for 
remanufacturing. Generating all feasible disassembly 
sequences of a product firstly provides the liaison relationship 
for each of the parts and subassemblies and secondly to 
determine the number of feasible disassembly routes of a part 
(to be retrieved).  
The And/Or graph representation [15] and the Petri-Net 
[16] are some of the models that have been proposed to 
establish the relationships between the subassemblies and 
components, and the possible routes to disassemble a product. 
The Petri-Net approach is able to model a disassembly process 
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and system resources simultaneously [17]. It can be used for 
products containing complex And/Or disassembly precedence 
relationships [16]. These mathematical models can be used to 
determine an optimal disassembly sequence derived from the 
shortest path to reach a core. However, these models may not 
be able to advise a product designer appropriately which is the 
optimal disassembly path for a product without considering 
the practical constraints which an operator might face during 
disassembly. 
 
 
Fig 1: A disassembly petri-net model for a linear actuator 
 
4.2 Selective disassembly based on practical consideration  
 
Selective disassembly is defined as the reversible 
dismantling of complex products into fewer complex 
subassemblies or single parts [18]. From Figure 1, assuming 
Part E is the component within the product to be retrieved, 
there are three feasible paths marked in red, blue and green. 
Figure 2 shows the breakdown of each of the routes. At this 
juncture, no conclusion can be made as to which path is 
optimal. Although the red route has the fewest levels (three 
levels), the disassembly procedure may be more tedious 
practically as compared to blue and green routes such that 
more time may be required. Thus, practical considerations, 
such as part accessibility and complexity of the disassembly 
process, for each sequence should be incorporated in the 
disassembly evaluation to determine the best possible path. 
 
4.3 Metrics Evaluation  
4.3.1 Complexity  
 
Complexity evaluation has been established for design for 
assembly to assess the difficulty in fitting the parts of a 
product together. Methodologies have been developed to 
evaluate assembly complexity by assigning difficulty factors 
to various attributes for handling and insertion during 
assembly [19]. A similar approach, such as the U-effort 
model, was proposed to evaluate the relative difficulties of 
different fastening methods [5].  
Complexity, in the disassembly context, is the extent to 
which individual parts or sub-assemblies have 
geometrical/physical attributes that can cause difficulties or 
problems during handling and removal of components. 
Physical attributes, e.g., size, thickness and weight, used for 
assembly evaluation are applicable for disassembly 
evaluation. 
 
 
Fig 2: Three feasible disassembly routes for Part E 
 
The size of a part is defined as the largest non-diagonal 
dimension of the part’s outline when projected on a flat 
surface. It is normally the length of the part. Thickness for a 
non-cylindrical part is defined as the maximum height of a 
part with its smallest dimension extending from a flat surface  
while for a cylindrical part the thickness is its radius (if its Ø < 
length otherwise it is considered as non-cylindrical) [20]. 
The methodology proposed in this research integrates the 
handling aspect of the assembly complexity evaluation 
methodology with the U-effort model to provide a quantitative 
evaluation for disassembly complexity based on the weighted 
average part complexity index Icom, as shown in equation (1). 
, ,
1 1
, ,
1 1
J K
h h f r r f
com J K
h f r f
C C C C
I
C C

 

¦ ¦
¦ ¦
                       (1) 
where 
,
1
J
h f
h
C
JC  
¦   is the average handling complexity factor. 
,
1
K
r f
r
C
C K 
¦   is the average removal complexity factor. 
     
 is the difficulty factor defined in Table 1 for handling 
and  is the number of non-zero handling attributes matched 
for each part. is the difficulty factor defined in Table 1 for 
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removal and  is the number of non-zero removal attributes 
matched for each part.  
The weighted average part complexity factor will be used 
to evaluate each disassembly sequence to provide a 
quantitative complexity measurement for removing a 
particular part from the major sub-assembly. 
 
Table 1: Disassembly attributes for manual disassembly 
 
The difficulty factor for a mechanical unfastening process 
as shown in Table 1 is normalized from the U-effort indices 
obtained by Das et al [5]. Specialized tools include 
improvised tools that are used not for its intended purposes, 
e.g., using a hammer with a flathead screw driver to knock a 
part out from its position. 
 
4.3.2 Accessibility 
 
Accessibility represents the ease or difficulty with which a 
part can be reached. Basically, the more difficult to access a 
part, the more time is required to remove it. The accessibility 
index (Iacc) measures how easy a part can be grasped by a 
hand or a tool during a disassembly operation. Accessibility of 
a part can be quantified based on Information Entropy [21]. 
The base of the logarithm is taken to be two so that the 
information content has the units of bits [22]. Accessibility of 
a part thus can be computed by the equation (2).  
2 2 2log log logacc
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          (2) 
where  part accessible range along X-axis 
  part accessible range along Y-axis 
  part accessible range along Z-axis 
  Largest dimension of part along X-axis 
  Largest dimension of part along Y-axis 
  Largest dimension of part along Z-axis 
 
According to the logarithmic function, a higher index value 
yields lower accessibility. ¨X is defined as the extent to which 
a part can be grasped by a human hand (if no tools are 
required to support/ remove the part) or a tool itself. Parts of a 
product should be able to maneuver/orientate once the 
required fasteners have been removed. If a part could not be 
grasped at all, a minimum value of 1(mm) should be assigned 
to ¨X instead of 0 as logarithmic function logb(x) is defined 
only for x>0. Special tools to support the part will probably be 
required in such situations.  
Accessibility of fasteners is not considered as part of the 
metric because it has already been taken into consideration 
during the generation of all feasible disassembly routes. For 
example, if fasteners for a particular part are difficult to 
access, it implies certain parts of the product have to be 
removed prior to that particular part. 
 
4.4 Metrics Combination 
 
The objective of this methodology is to identify an optimal 
route for further optimization of the disassembly process 
instead of addressing DFD for all parts. The accessibility and 
complexity metrics can be integrated to provide a single score 
to allow the product designer to have an overall view of the 
relative feasibility of the disassembly routes. The metrics are 
combined into an overall index to allow the product designer 
to have a distinct indication which is the optimal route, with 
the smallest index being the optimal route. Equation (3) shows 
how the z-score can be computed: 
score
xZ P
V
                            (3) 
Although the z-score is generally used for statistical 
analysis, it can be applied in this methodology without the 
need to consider the sample size since the purpose is to 
integrate metrics with different scales. No assumptions need 
to be made about the maximum or minimum values that any 
metric scores could have [23].  
5. Case Study 
In this case study, a linear actuator (Figure 3) is used to 
illustrate the proposed methodology. For illustration purpose, 
Part E (Ball screw assembly) is the part to be recovered for 
remanufacturing. Table 2 lists the parts and sub-assemblies 
along with their physical attributes. 
As mentioned in Section 4.2, there are three disassembly 
routes namely red, blue and green to reach Part E (Figure 4). 
Each of the routes is evaluated based on the ease of 
accessibility of the parts and the complexity of the 
disassembly routes as per discussion in Section 4.3.  
 
 
 
Group Attribute Description Difficulty 
factor, Cf
Handling
(h) 
Size >15mm 0.75 
6mm to 15mm 0.81 
<6mm 1 
Thickness >2mm 0.27 
0.25mm to 2mm 0.5 
<0.25mm 1 
Weight <4.5 kg (light) 0.5 
>4.5kg 1 
Removal 
(r) 
 Mechanical 
unfastening 
process (U-
effort) 
Screw/bolt standard 
head 
0.56 
Screw/bolt Special 
head 
0.88 
Nut and bolt 0.84 
 Retaining ring/circlips 1 
Interference fit 0.72 
Key 0.6 
Tools required 0 tools 0 
1-3 tools 0.6 
>4 tools 1 
Specialized tools None 0 
Involved 1 
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Fig 3: Exploded view of the linear actuator 
 
 
 
Fig 4: Exploded view for each of the disassembly routes 
 
Table 2: Parts/ sub-assembly of the linear actuator 
 
Metrics evaluation is conducted from the perspective of 
removing the smaller sub-assemblies from a relatively larger     
assembly. For example, sub-assembly GHI is a smaller 
component in comparison with sub-assembly ABCDEF. The 
evaluation for accessibility and complexity is based on 
removing the smaller one from the larger assembly. A simple 
fixture, i.e., a vice clamp may be required during the 
disassembly of the actuator. Nonetheless, it will not affect the 
orientation of the parts as per defined in Figure 3. 
Tables 3 and 4 show the complexity (Icom) and accessibility 
(Iacc) metrics for each disassembly route. As can be seen from 
Table 3, all the parts of the linear actuator have the same 
handling complexity factor (Ch) as each of them have a size of 
>15 mm, a thickness of >2mm and a weight of <4.5 kg. The 
different Icom obtained from each route attributed from 
different unfastening effort during parts removal for each 
routes. As for accessibility (Table 4), the different Iacc 
computed for each route mainly attributed from the z access. 
Most of the components can be grasped or supported without 
much difficulties with respect to the x and y access. 
 
Table 3: Complexity metric evaluation 
 Table 4: Accessibility metric evaluation     
 
The metrics Icom and Iacc obtained in Table 3 and Table 4 
respectively cannot provide a conclusive evaluation on the 
optimal route. For example, the blue route, being the most 
accessible (4.35) is also the most complex (6.40). This 
presents a contradiction to the designer. An overall usability 
index by computing the z-score will be able to provide a 
distinction for the optimal disassembly route to the designer. 
 
Table 5: Z-score evaluation for the three routes 
Icom  Iacc Zcom Zacc ZOverall 
Red 4.83 6.67 -0.45 1.16 0.71 
Blue 6.40 4.35 1.22 -1.52 -0.31 
Green 4.53 5.98 -0.77 0.36 -0.40 
Mean (μ) 5.25 5.67   
  
  
  SD (ı) 0.94 0.86 
 
As can be seen from Table 5, the green route has the lowest 
overall Z-score (-0.40); thus it is the optimal route among the 
three routes evaluated. Although the red route requires the 
least number of actions (4 actions), there is little access for the 
tool to reach and remove the ball nut as it is enclosed within 
the casing (Part D). Thus, disassembly using the red route to 
recover the ball screw assembly (Part E) could be difficult.  
Since, the green route has been identified as optimal based 
on the evaluation, DFD can be applied to this route to improve 
its disassembly process. One of the design changes that can be 
made is to reduce the size of the actuator casing so that it will 
 Description Width
(mm)
Size
(mm)
Thickness
(mm)
Weight
(kg)
A MountingPlate 85.73 90.17 6.35 <4.5
B Actuatorassembly cylindrical 81.74 25.27 <4.5
C AntiͲrotationguide 6.35 50.80 3.18 <4.5
D Casing cylindrical 82.15 31.75 <4.5
E
Ballscrew cylindrical 123.75 7.94 <4.5
Ballnut cylindrical 29.00 11.50 <4.5
F Beltdrivemount 64.77 64.77 19.81 <4.5
G Belthousing 79.38 106.36 27.18 <4.5
H Beltpulleyassembly 31.80 92.78 12.80 <4.5
I MotorAssembly 60.00 78.99 60.00 <4.5
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be easier to reach and grasp the ball nut for removal as shown 
in Figure 5. 
 
 
Fig 5: Design change to part B (actuator assembly) to ease access to part E 
(ball nut) for green route 
 
6. Conclusion and Future Work 
The methodology proposed in this paper enables the 
product designer to have a systematic approach in designing 
products with remanufacturing intent. Designers will not have 
to consider DFD for all the parts of the product but just those 
parts found within the route identified. Conflicting issues 
faced by a designer could be minimized or eradicated. 
Applying design for assembly and disassembly concurrently 
could be a real challenge. Practical considerations, such as 
disassembly complexity and part accessibility, should be 
incorporated into the evaluation process as disassembly still 
largely requires human effort.  
Improvement can be made to further develop and integrate 
the metrics using CAD to extract part information for 
accessibility and complexity evaluation. In addition, 
evaluation based on the 3D model designed at an early stage 
of product development will add more value to the design of 
the product. With a 3D CAD environment available, the 
metrics could be evaluated automatically providing better 
accuracy for analysis. 
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